The miniaturized frequency selective surface (FSS) obtained by connecting a number of limbs with two flexible adjustable transmission zeros is proposed in this paper. The proposed FSS has two transmission zeros on both sides of the passband. The effects of the geometrical parameters on the bandwidth of transmission zeros and pole are analyzed. Adjusting the numbers of the limbs in the FSS can make a great difference to the ratio of the frequencies of the two working transmission zeros, and the coupling between the adjacent FSS unit cells is used to adjust the ratio of the frequencies of the two working transmission zeros slightly. The simulated results show that the ratio of the frequencies of the two working transmission zeros has wide adjustable range. The effects of the ways to connect the limbs on the ratio of the frequencies of the two working transmission zeros are analyzed. The prototype of the FSS with two limbs is fabricated and tested to verify the feasibility of the proposed method. The measured results show that the FSS designed by the proposed method has good polarization and angel stabilities, and this proves the proposed way is effective. This FSS is a good candidate to isolate the communication systems with two working bands.
I. INTRODUCTION
As an important part of the communication system, the frequency selective surface (FSS) is a periodic structure that can effectively control the transmission and reflection of incident electromagnetic waves [1] - [4] . With the rapid development of wireless communication technology, the FSSs which are used to isolate the adjacent wireless local area networks (WLAN) have become hot spots of the current research. There are two characters for the FSS used to isolate the WLAN. Firstly, the FSSs should have good performances under different incident angles and polarizations for the mobility of the communication system. Secondly, for the mobile devices operating in different standards, the FSSs should have more than one working band. To meet the above characters, the miniaturized dual/multi-band FSSs is a good candidate.
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There are several approaches to achieve dual/multi-band FSSs.
1) Cascading periodic structures with inductive, capacitive, or resonant type surfaces are capable of providing dual/multi-band FSSs performance [5] , [6] . 2) Fractal structures which is transformed by the basic unit has different resonance frequency, and it is a effective way to construct dual/multi-band FSSs [7] - [9] . 3) Some multi-resonant structures like concentric loops, combined elements and complementary patterns perform multiband character [10] - [13] . 4) Another way to achieve dual/multi-band FSSs is perturbing single-band FSS [14] , [15] . 5) Besides the above four ways, some novel structures including square-loop-enclosing curves, anchorshaped loops and knitting double square-loops are introduced to the FSS unit cells and the FSSs with a dual-band response are obtained [16] - [18] . A novel structure using convoluted structures has two transmission zeros which are achieved by two separate structures and its unit cell size can achieve 0.059λ * 0.059λ [19] . 6) There are some papers concerning the controllable resonances of the dual-bands [16] , [17] , [20] . In these paper, the physical parameters related to the frequencies and bandwidths of the two working resonances are dicussed.
The FSSs obtained by the above ways properly achieve the dual/multi-band performance. For these FSSs, the ratio of the frequencies of the working bands can not be tuned flexibly, which limits the practicability of the above ways and brings great blindness to the design process. Some of them has tuned resonances, but the tuned range of the resonances is very limited. In our design, the unit cell is constructed by a number of limbs and we use different operating modes of the unit cell to generate two stopbands. The frequency of the first stopband can been tuned independently by adjusting the gap between the adjacent unit cells. The principles of tuning the ratio of the frequencies of two stopbands are analyzed. Compared with the above dual-bands FSS, the simulated results show that the ratio of the frequencies of the two working stopbands can been tuned in a wide range by changing the number of the limbs and the physical parameters. The convoluted structure and the compact unit structure arrangement miniaturize the size of the unit cell effectively, and the small unit cell size brings the good polarization and angel stabilities to the FSS.
II. UNIT CELL DESIGN AND SIMULATION RESULTS
In our designed FSS, the ratio of the frequencies of two working stop-bands(fr 1 , fr 2 ) has close relationship with the number of the limbs and the gap between the unit cells. In this section, the principle of how the gap between the unit cells influence the value of fr 2 /fr 1 is studied firstly. The relationship between the geometrical parameters and the transmission zeros and pole is dicussed as well. Then, the Sec. II(B) presents how the number of limbs affect the performance of the FSS. Finally, the effect of the different ways to connect limbs on the value of fr 2 /fr 1 is discussed.
A. THE FSS WITH TWO LIMBS
The front view of the FSS with two limbs is shown in Fig. 1(a) . The unit cells of the top and bottom layers are same. The physical parameters of the proposed FSS with two limbs are shown in Tab. 1. The Rogers4350B is used as the substrate with thickness h = 0.2mm and its relative permittivity is 3.66. The transmission and reflection coefficients of this FSS are shown in Fig. 1(b) . According to Fig. 1(b) , it can been seen that the transmission curve has two transmission zeros and the ratio of two working transmission zeros of the FSS is 1.5. The two −3dB rejection bandwidth can achieve 1.5G and 0.85G respectively, and the passband bandwidth is 0.6G (3.4-4GHz).
The current distributions of the proposed FSS in two transmission zeros are used to explain the working principle of the FSS as shown in Fig. 2 . The working principle of the central connection unit has been discussed in the Chapter 2-Section 2 of [30] and the working modes for different FSS unit cells are analyzed clearly in this book. The distributions of the currents in the frequencies of two transmission zeros all have two current segment, and the current directions of the two segments are same in both of the two transmission zeros. The above phenomenon means the two working resonances are resulted from the first-order odd resonance mode according to [30] . Then the relationship between the frequency of the second transmission zero and the geometry parameters is discussed. The perimeter of the ring is 58.23mm, and the frequency of the second transmission zero is 5.08GHz whose wavelength is 58.94mm. They are almost equivalent. This relationship is well matched with the working mode of the FSS in the second resonance. The relationship between the perimeter of the unit cell and the working frequency is obtained.
When the value of the gap between the adjacent unit cells decreases, the second transmission zero does not change and the first transmission zero moves to the lower frequency point as shown in Fig. 3(a) . It indicates that the coupling between the adjacent unit cells affects the current distribution of the FSS. The equivalent circuit model is introduced to explain the influence of the gap between the adjacent unit cells. According to the [21] , the effect of the coupling between the unit cells can be modeled as the equivalent circuit of the FSS in series with a capacitor as shown in Fig. 3 (b). Based on the theory of transmission lines, the impendence of the equivalent circuit is
Z FSS is the impedance of the convoluted FSS unit cell and Z l is the impedance of the convoluted FSS unit cell after considering the coupling between the adjacent unit cells. The capacitive reactance of the capacitor is 1/jωC. The transmission coefficient (T) of the proposed FSS is calculated by
The transmission zero is corresponding to Z l = 0. With the higher frequency, the smaller is the value of the capacitive reactance, and it explains why the frequency of the first transmission zero is sensitive to the adjustment of the gap between the adjacent unit cell. When the value of the gap increases to 1.27mm, the coupling between the adjacent unit cells has already been very small. Then, the frequency of first transmission zero changes very little with the increase of the gap as shown in Fig. 3 , and the minimal ratio of two transmission zeros can achieve 1.35. The above phenomenon indicates that the coupling between the adjacent unit cells can miniaturize the unit cell size. The separate tunable property of the frequency of the first resonance and the relationship between the perimeter and the second resonance provide guidance to the design and optimization processes.
The equivalent circuit model (ECM) of the FSSs has been studied in [22] - [27] thoroughly. In these models, the physical elements are corresponded with the lumped elements, but the value of the lumped element are not determined by a specified physical element and the modulation of single physical element could influence the values of other lumped elements. For some particular FSS structures, the lumped elements have close relationship with single physical elements [4] , [19] and the ECM are used to guide the design process of the FSS. For the FSS with many limbs, the ECM are dicussed in [22] . 
However, the FSS we used is a convoluted structure and it is different with the simple cross-metal ring model in [22] . So the effects of the geometrical parameters on the transmission zeros and pole are analyzed by the full wave simulation. To discuss the relationship between the geometrical parameters and the transmission zeros and pole directly, the single layer FSS is simulated without the substrate in the following discussion.
The relationships between the geometrical parameters and the transmission zeros and pole are shown in Fig. 4 and Tab. 2. Observe that for the increase of w 0 , the relative bandwidth of f r 1 increase. The relative bandwidth of f r 2 has close relationship with the values of the w 0 and w 1 , as shown in Tab. 2. With the increase of w 2 , the relative bandwidth of f 0 gets greater. The ratio of two transmission zeros can been affected by four major geometrical parameters. In the adjustments of the relative bandwidth of two transmission zeros, pole and the value of the f r 2 /f r 1 , the Tab. 2 and Fig. 4 can serve as guidances.
In the above steps, the effects of the geometrical parameters on the value of f r 2 /f r 1 are analyzed, and the relationship between the value of the f r 2 /f r 1 and the gap is obtained. Based on the previous conclusion, then the adjustable range of the f r 2 /f r 1 is discussed.
It has been discussed that the value of f r 2 /f r 1 has negative ralationship with the gap between the adjacent unit cells. Besides, the small values of w 0 and w 2 and the great values of w 1 and w 3 are used to achieve the small value of f r 2 /f r 1 according to the Tab. 2. Analogously, the FSS with big f r 2 /f r 1 can been obtained by using the great w 0 , w 2 , the small w 1 and w 3 .
As shown in Fig. 5 , the dual-stopband FSSs with different working frequencies ratios are obtained and their geometrical parameters are listed in Tab. 3. The adjustable range of the f r 2 /f r 1 for the FSSs with two limbs achieves 1.34-1.6. 
B. THE FSS WITH THREE LIMBS OR MORE LIMBS
The above analysis is about the FSS with two limbs. For the FSSs with different limbs, the ratio of two transmission zeros can be tuned over a wide range. The front view of the FSSs with three limbs and four limbs are shown in Fig. 6 and its transmission curves are shown in Fig. 7 respectively. The Rogers4350B is used as the substrate with a relative There have been a great number of methods to achieve the dual-bands FSSs. The performances of the other dual-bands FSSs and the proposed FSS with three limbs are listed in Tab. 5. The two stopband bandwidths of our FSS achieve 1.36GHz and 1.57GHz respectively which can be a good candiate to reduce the interferences of the adjacent wireless local area networks. Compared with other dual-bands FSS, the proposed FSS has wider passband bandwidth.
For the FSS with three limbs, the working principle is analyzed. In the frequency of the second transmission zero, according to Fig. 8 , there are two current segments in the unit cell and the first resonance is resulted from the firstorder odd mode. Similarly, there are four current segment in the unit cell and the second resonance results from the firstorder even mode. The main reason why the frequency of the first resonance not twice as great as the frequency of second resonance is the coupling between the adjacent unit cells has great effects on the first resonance.
According to [17] , [20] , the working principles of the FSSs with four limbs are similar with the FSS consisted by three limbs. Noted that the ratio of two working resonances of the FSS with three and four limbs are 2.14 and 3.31 respectively while the one of the FSS with two limbs is 1.49. It can be seen that the ratio of two working stop-bands increases with the increase of the number of the limbs.
In Sec. II(A), the effects of the geometrical parameters on the value of f r 2 /f r 1 have been analyzed. The adjustable ranges of the f r 2 /f r 1 for the FSSs with three limbs and four limbs can been obtained under the guidance of the Sec. II(A). The narrow and wide separations for the FSS with three limbs and four limbs can been obtained by adjusting the geomtrical parameters as shown in Fig. 9 and their geometrical parameters are listed in Tab. 6. The adjustable range of the f r 2 /f r 1 for the FSSs with three and four limbs are 1.83-2.23 and 2.23-3.65 respectively. 
C. THE OTHER WAY TO CONNECT LIMBS
The limbs of the above FSSs are connected by the center of junction. There is another way to connect the limbs as shown in Fig. 10(a) , and the limbs are connected through the edge of each element. The frequency responses of this FSS are shown in 10(b). The Rogers4350B is used as the substrate with a thickness of 0.25mm. The effects of the coupling between the adjacent unit cells are analyzed as well. As shown in Fig. 11 , for the increase of the gap, the coupling between the adjacent cells decreases and the second transmission zero does not change, while the first transmission zero moves to higher frequency point. The above phenomenon fits well with the analysis presented in Sec. II-A. The ratio of the frequencies of two transmission zeros is 3.06 which is different with the one of the proposed FSS with four elements in Sec. II-B. The way to connect limbs influences the coupling between the adjacent unit cells, and this is the reason why the above difference occurs. The above two connecting ways are chosen flexibly based on the specific design circumstances.
D. THE DESIGN PROCESS
The design of the desired FSS is performed through the following process. 1) Firstly, the value of the limbs of the FSS are obtained based on the desired value of the f r 2 /f r 1 . For example, the desired value of the f r 2 /f r 1 is 1.7, so the FSS unit cell with two limbs is used as the model. 2) Then, the passband bandwidth and two rejection bandwidths are used to help me ascertain the proportional relation of the physical parameters. For example, the passband bandwidth is required to be wide band, so the big value of the w 2 and the small value of the w 1 are used to construct the FSS unit cell. 3) In the above steps, the approximate proportional relation of the physical parameters is obtained. In this step, the values of the physical parameters are ascertained. According to [4] , when the thickness of the substrate increases from zero to a small value (typically 0.05λ ), for unilateral substrate loading, the resonant frequency of the FSS drop off sharply. When the dielectric thickness is larger than 0.05λ, the resonant frequency of the FSS decrease slowly and approaches f 0 / √ ( r + 1)/2 ( is the relative permittivity of the substrate) finally. For example, the desired frequency of the second transmission zero is 10GHz and the substrate we used is Rogers4350 with a thickness of 1mm. Considering the frequency deviation, the frequency of second transmission zero is set as 15.26GHz and its wavelength is 19.7mm. So the perimeter of the ring is 19.7mm. Because of the passband bandwidth is required to be wideband, according to the Tab. 2, the initial proportional relation of the physical parameters is assumed to be w 0 : w 1 : w 2 : w 3 : g = 1.25 : 1 : 3.75 : 4. The perimeter of the ring S = 72w 0 + (24 + 6
2w 3 , so the initial value of w 0 , w 1 , w 2 and w 3 are 0.1mm, 0.083mm, 0.3125mm and 0.33mm respectively. 4) After obtaining the physical parameters, the unit cell is constructed and simulated by full-wave simualtion in the Commercial software HFSS and the simulated results are shown in Fig. 12 . The optimal procedure is performed afterwards. The bandwidth of the transmission zeros and pole can been tuned quickly by the guides of Sec. II-A.
III. EXPERIMENTAL RESULTS
The FSS prototype with a dimension of 230.5 * 230.5 * 0.25 mm 3 is fabricated as shown in Fig. 13(a) , and the Rogers4350B with a relative permittivity ξ r = 3.66 is used as the substrate. The way to test the transmission performance of this FSS prototype is shown in Fig. 13(b) . One horn antenna is used as transmitting antenna and the other antenna is used as receiving antenna, and the FSS prototype is placed between the two antennas to measure the performance of the FSS.
The simulated and measured transmission coefficients for the TE and TM polarizations under different incidence angles are shown in Fig. 14. It can been seen that the measured results fit well with the simulated results. The frequency of the transmission pole is 4GHz and its bandwidth achieves 0.62GHz. The measured insertion loss is 0.56dB. The frequencies of the first transmission zero and the transmission pole basically remain unchanged for different polarizations and incidence angles. The frequency of second transmission zero has a slight deviation for TM polarization under oblique incidence. While the incident angle reaches 40 degree, the transmission coefficient only have -12dB at the frequency of 5GHz, so this slight deviation has little effect on the practical application of the FSS. Besides, The FSS unit cell size can achieve 0.145λ * 0.145λ(λ is the wavelength at the first working frequency) and the fabricated FSS prototype is only 0.25mm thin.
IV. CONCLUSION
A way to design the miniaturized FSS using the convoluted structure with two working stopbands is proposed in this paper. The FSS designed by the proposed methodology consists of a number of limbs and the different working modes of the FSS unit cell is used to generate the two working transmission zeros. The ratio of two working transmission zeros is tuned by adjusting the number of limbs and the coupling between the adjacent unit cells according to the simulation results. The adjustable range of the ratio of two transmission zeros can achieve 1.34-1.6 and 1.8-3.6. The relationship between the geometrical parameters and the transmission zeros and pole are analyzed by the full wave simulation, and the bandwidths of two transmission zeros and pole are sensitive to the different physical parameters. Compared the other applicative FSSs and the proposed FSS with three limbs, our FSS shows good performance. The design processes are summed and implemented by a example, and the full wave simulation result of this example shows that this way to design the dual-stopbands FSS is effective. The other different way to connect limbs of the FSS are discussed as well. Finally, the prototype of the proposed FSS is fabricated and tested. The measured results show that the FSS designed by the proposed method has good polarization and angel (0 • to 40 • ) stabilities. QINGZHAN SHI was born in 1990. He received the M.S. and Ph.D. degrees in electronic science and technology from the National University of Defense Technology, Changsha, China, in 2015 and 2019, respectively, where he is currently with the College of Electronic Science and Engineering. His research interests include passive microwave circuits design and wireless communication.
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